The DEAD-box family of putative RNA helicases is composed of ubiquitous proteins that are found in nearly all organisms and that are involved in virtually all processes involving RNA. They are characterized by two tandemly linked, RecA-like domains that contain 11 conserved motifs and highly variable amino-and carboxy-terminal flanking sequences. For this reason, they are often considered to be modular multi-domain proteins. We tested this by making extensive BLASTs and sequence alignments to elucidate the minimal functional unit in nature. We then used this information to construct chimeras and deletions of six essential yeast proteins that were assayed in vivo. We purified many of the different constructs and characterized their biochemical properties in vitro. We found that sequence elements can only be switched between closely related proteins and that the carboxy-terminal sequences are important for high ATPase and strand displacement activities and for high RNA binding affinity. The amino-terminal elements were often toxic when overexpressed in vivo, and they may play regulatory roles. Both the amino and the carboxyl regions have a high frequency of sequences that are predicted to be intrinsically disordered, indicating that the flanking regions do not form distinct modular domains but probably assume an ordered structure with ligand binding. Finally, the minimal functional unit of the DEAD-box core starts two amino acids before the isolated phenylalanine of the Q motif and extends to about 35 residues beyond motif VI. These experiments provide evidence for how a highly conserved structural domain can be adapted to different cellular needs.
The DEAD-box family of putative RNA helicases is composed of ubiquitous proteins that are found in nearly all organisms and that are involved in virtually all processes involving RNA. They are characterized by two tandemly linked, RecA-like domains that contain 11 conserved motifs and highly variable amino-and carboxy-terminal flanking sequences. For this reason, they are often considered to be modular multi-domain proteins. We tested this by making extensive BLASTs and sequence alignments to elucidate the minimal functional unit in nature. We then used this information to construct chimeras and deletions of six essential yeast proteins that were assayed in vivo. We purified many of the different constructs and characterized their biochemical properties in vitro. We found that sequence elements can only be switched between closely related proteins and that the carboxy-terminal sequences are important for high ATPase and strand displacement activities and for high RNA binding affinity. The amino-terminal elements were often toxic when overexpressed in vivo, and they may play regulatory roles. Both the amino and the carboxyl regions have a high frequency of sequences that are predicted to be intrinsically disordered, indicating that the flanking regions do not form distinct modular domains but probably assume an ordered structure with ligand binding. Finally, the minimal functional unit of the DEAD-box core starts two amino acids before the isolated phenylalanine of the Q motif and extends to about 35 residues beyond motif VI. These experiments provide evidence for how a highly conserved structural domain can be adapted to different cellular needs.
Introduction
The DEx(D/H)-box proteins of superfamily 2 (SF2) putative RNA and DNA helicases are ubiquitous proteins that are associated with virtually all processes involving nucleic acids. They are characterized by core structures consisting of two tandemly linked, RecA-like domains and conserved sequence motifs that are involved in ligand binding and enzymatic activity in which ATP is typically used as an energy source. 1, 2 The specific characteristics of the conserved motifs and the core domains are used to further subdivide the proteins into different families. 3, 4 Many of these proteins are essential for cell viability, and most are associated with specific cellular processes. 5, 6 For example, nuclear mRNA splicing in yeast uses eight different DEx(D/H)-box proteins, and ribosomal biogenesis uses 17 different proteins, most of which are needed at specific steps in the reactions. [7] [8] [9] However, it is unclear how these proteins recognize their authentic substrates or how their activities are regulated in vivo. Proteins assayed in vitro generally show little or no specificity and no apparent enzymatic regulation. 4 Moreover, it is unclear how the commonly shared features of the RecA-like core can be used to confer this specificity or regulation.
It is likely that nonconserved sequence elements within the cores or amino-or carboxy-terminal extensions modulate the activities of the proteins, either directly or through interactions with other factors. Examples of the latter include the exonjunction-complex protein DDX48, which is inhibited by proteins cofactors, 10 and the RNA-transport protein DDX19, which is activated by factors on the exterior of the nuclear pore. 11 Examples of the former include the prokaryotic DbpA/YxiN and Hera proteins that contain discrete carboxy-terminal domains with secondary binding sites that recognize features of the RNAs independently of the core. 12, 13 Specificity for hairpin 92 of 23S ribosomal RNA (rRNA) can be conferred onto SrmB by attaching the carboxy-terminal domain of YxiN.
14 Other examples include the eukaryotic DHX36 protein that contains an amino-terminal extension with a motif that specifically binds guanosine quadruplexes 15 and Dicer-like proteins that have double-stranded RNA binding motifs. 16 For this reason, the DEx(D/H)-box RNA helicases are often considered to be modular, multi-domain proteins. 17 However, it remains ambiguous whether this is a common feature of DExD/ H-box proteins or whether the flanking sequence elements generally form distinct, self-contained, structural domains that are interchangeable.
The largest SF2 family is the DEAD-box proteins. DEAD-box proteins are found in virtually all organisms. They are RNA-dependent ATPases and ATP-dependent RNA binding proteins; a few have activity with DNA substrates as well. 4, 18 Although often known as DEAD-box helicases, the majority of these proteins are able to displace only weak duplexes at large excesses of the protein to duplex in vitro, and most show no directionality on the RNA substrates-and, hence, no processivity. 1, 9 Instead, they may act to help remodel RNA secondary or tertiary structures, to displace RNA-bound proteins, or they may act as ATP-dependent clamps to nucleate the assembly of ribonucleoprotein complexes or to ensure the unidirectionality of reactions. 9, 19 The RecA-like domains contain 11 conserved motifs that are implicated in ligand binding and enzymatic activity. Motifs I and IIalso known as the Walker A and B motifs-and motifs V and VI are involved in binding the phosphates of ATP; motifs Ia, Ib, GG, IV, QxxR and V bind the RNA substrate; and the Q motif specifically recognizes the adenine of ATP. 4, 7, 20 Motif III coordinates motifs I, II and VI relative to the γ phosphate of ATP to create a high-affinity binding site for RNA. 21 There also is a highly conserved, but isolated, aromatic group that is typically 17 amino acids upstream of the Q motif; it is most often a phenylalanine but occasionally a tryptophan. It is part of a highly conserved loophelix-loop structure that forms a "cap" on RecA-like domain 1; its function is unknown, but it could play a regulatory role. 4 Yeast has 25 different DEAD-box proteins, many of which are essential and most are involved in well-characterized cellular processes.
We were interested in systematically testing the hypothesis that DEX(D/H)-box proteins contain interchangeable modular domains. We made BLASTs and sequence alignments of DEAD-box proteins and found that the two linked, RecA-like domains represented the minimal functional unit in nature. We then used this information to design chimeras of six different DEAD-box proteins that were essential in our yeast strains and that were involved in a variety of cellular processes. We tested these chimeras in yeast for their ability to support growth in the absence of the wild-type proteins. We also made amino-and carboxy-terminal deletions to see what role(s) these sequence elements played. Finally, we purified many of the constructs and assayed their biochemical properties in vitro. We found that, in general, the amino and carboxyl sequence elements are interchangeable only between closely related proteins; moreover, they are predicted to have extensive regions with intrinsic disorder, which means that they probably form discrete structures or domains only in the presence of bound ligands or cofactors. Consistent with this, there is a strong correlation between the presence of the carboxy-terminal extensions, the binding affinity for single-stranded RNA, the ATPase activity and the ability to displace short duplexes. The aminoterminal sequences seem to play regulatory roles. Finally, we found that the minimal functional unit consists of the two RecA-like domains that starts two residues before the isolated phenylalanine of the Q motif and extends approximately 35 residues beyond motif VI.
Results

Sequence alignments and analysis
We were interested in determining what constituted the minimum sequence that defined a DEAD-box protein. We reasoned that this also would most likely represent the minimum functional unit that is shared by all the different proteins, while the amino-and carboxy-terminal sequences-and insertions-would contain additional features that would modulate the "core" sequence activity and specificity. We aligned 699 sequences obtained from a BLAST search of the Uniprot Knowledgebase data bank using ClustalW-XXL as described in Materials and Methods. The conserved motifs were largely aligned with the exception of some sequences with more degenerate or ambiguous forms of motif IV; these were corrected as previously described. 22 There was little sequence conservation outside the region containing the conserved motifs, which constituted the DEAD-box core, and there was a wide-size range of amino-and carboxy-terminal extensions. The size distribution of the core and flanking sequences is shown in Fig. 1 . For this figure, we considered sequences upstream of the isolated, highly conserved, aromatic group (generally phenylalanine) that is typically 17 amino acids upstream of the Q motif (GappPohIQ, where a is aromatic, h is hydrophobic, o is an alcohol and p is polar) 23, 24 to be amino-terminal and sequences downstream of motif VI (YlHRlGRTGRhGp, where l is aliphatic) to be carboxy-terminal.
The largest proteins obtained were the fungal Prp5-like proteins that were up to 1227 residues long. These proteins also had the longest amino termini at up to 598 residues (Fig. 1a) . The shortest aminoterminal proteins were typically prokaryotic proteins, such as RhlE and DbpA, and eukaryotic Dbp8-like proteins that started only two or three amino acids before the isolated conserved phenylalanine. The fungal Dbp10-like proteins had the longest carboxyl termini at up to 478 amino acids (Fig. 1b) . The shortest carboxy-terminal proteins were more ambiguous; there was an abrupt peak starting at 38 residues beyond motif VI that were (c) Fig. 1 . Size distribution of the 699 aligned sequences. Sequences obtained in the BLAST search were aligned using ClustalW-XXL as described in the text. (a) Distribution of the number of residues preceding the isolated conserved phenylalanine that is typically found 17 amino acids upstream of the Q motif. (b) The number of residues that are located on the carboxyl terminus after motif VI. (c) Number of residues spanning the sequence containing the conserved motifs. The x-axis is shown at a scale different from those in (a) and (b). Note that yeast eIF4A was used as the bait in the BLAST search, and consequently, there was a bias for eIF4A-like proteins in this alignment. mostly eukaryotic eIF4A-and Fal1-like proteins. However, the yeast, mitochondrial Mrh4 protein (UniProtKB accession number P53166) had 30 residues; the archaebacteria MjDEAD protein of Methanocaldococcus jannaschii (Q58083) contained 33 residues; and the DBP3 protein from the fungus Coccidioides immitis (Q1DZK8) was extended by only 18 amino acids. The shortest proteins overall were eIF4A-, Fal1-and MjDEAD-like proteins that were about 400 amino acids in length. Further probing of the Uniprot Knowledgebase data bank revealed that some predicted archaebacterial proteins were even smaller: the Sulfolobus eIF4A-like proteins were less than 360 residues, and other predicted Methanocaldococcus MjDEAD-like proteins ranged from 357 to 404. The hypothetical, eIF4A-like deaD protein from Sulfolobus tokodaii was only 337 amino acids long (Q96XQ7), but it lacked the conserved loop upstream of the Q motif containing the isolated phenylalanine. However, a phenylalanine in the correct context was present in the primary DNA sequence, which implied that the correct starting codon was not identified. The core sequences containing the conserved motifs had remarkably well-defined sizes (Fig. 1c) . The vast majority (82%) were between 330 and 350 residues long, which indicated that insertions and deletions within and between the conserved motifs were relatively minor.
Structural context
We examined a number of solved crystal structures for DEAD-box proteins in the Research Collaboratory for Structural Bioinformatics (RCSB) protein data bank (PDB) for 28 different proteins, including the ones for M. jannaschii MjDEAD (RCSB accession number 1HV8) 25 and S. tokodaii deaD (2Z0M). 26 All of these proteins contained the two characteristic RecA-like domains that were previously described. 27 Moreover, all of the aminoterminal RecA-like domains contained the same structural context for the Q motif (except for S. tokodaii deaD), 23, 28 which consisted of a helix-loophelix-loop (Fig. S2) . In nearly all the proteins, the isolated, conserved, upstream phenylalanine formed van der Waals stacking interactions with a large hydrophobic group, generally a proline, of the Q motif, and the overall structure formed a cap on top of the first RecA-like domain. 28 The isolated phenylalanine was occasionally part of a short helix or sheet, and it was generally located 17 residues upstream of the Q motif (Fig. S2) . The structure of Mss116 was somewhat different:
29 a leucine at a position equivalent to the proline in the Q motif interacted with a shallow pocket formed by a leucine and other upstream residues at a position equivalent to the isolated phenylalanine. Many of the proteins used for crystallization were partially deleted for sequences amino-or carboxy-terminal to the RecAlike cores. Nevertheless, any amino-terminal regions preceding the isolated phenylalanine were generally unresolved in the crystal structures. In a few cases, some of the preceding sequences could be seen descending adjacent one side of the cleft formed by the two RecA-like domains. This was most clear for Vasa and DDX48, where the protein crystal structures were solved with both the RNA and adenosine 5′-β,γ-iminotriphosphate (AMP-PNP), a nonhydrolyzable ATP analog, ligands bound. [30] [31] [32] Motif VI at the carboxy-terminal end was part of a conserved helix-loop structure that was followed by a conserved β-sheet strand and then a conserved helix (Fig. S2) . The structural features became more variable thereafter. Residues 3-365 out of 367 were determined in the crystal structure of M. jannaschii MjDEAD and 1-331 out of 337 for S. tokodaii deaD. In general, no more than 40-45 residues were resolved after motif VI. The exceptions were Thermus thermophilus Hera and Saccharomyces cerevisiae Mss116, where 85 out of the 176 and 124 out of the 192 amino acids, respectively, were seen. The carboxyterminal sequences of Mss116 wrapped around RecA-like domain 2 and formed additional RNA binding interactions. 29 The carboxy-terminal sequences of Hera formed a separate "dimerization" domain that is part of an unresolved, additional RNA binding module. 33 We concluded from the sequence alignments and solved structures that the DEAD-box protein core was constituted of 2-3 residues amino-terminal of the isolated phenylalanine upstream of the Q motif through 30-40 residues after motif VI.
Finally, we used the web-based PredictProtein program 34 to determine the predicted secondary structures of the 25 DEAD-box proteins found in yeast (data not shown). The predicted structures of the core sequences were effectively the same once allowances were made for differences in distances between the conserved motifs. The predicted structures of Dbp5, Dhh1, eIF4A and Mss116 were very similar to the solved crystal structures. Thus, we could use PredictProtein to define the core structures of the other yeast DEAD-box proteins.
Characteristics of selected experimental proteins
We chose six different yeast proteins that were essential in our yeast strains. They ranged in size from the smallest to the second largest (Fig. 2 , Table 1 and Fig. S3 ), and they had various cellular functions and locations. The cytoplasmic translation initiation factor eIF4A 35 is closely related to the nucleolar Fal1, which is involved in ribosome biogenesis. 36 They shared 56.7% sequence identity, even though their calculated pK i , cellular locations and biological roles are significantly different (Table 1) . Ded1 is implicated in translation initiation, but it also is associated with RNA polymerase III transcription, mRNA splicing, ribosome scanning, virus replication, Pbody formation and RNA degradation (reviewed in Refs. 21, 37 and 38). Dbp1 is a nonessential paralog of Ded1 of unknown function that can complement a strain deleted for Ded1 when overexpressed. 39 They shared 67.9% sequence identity overall, but the sequences defining the cores were 82.7% identical (Table 1) . Dbp2 is involved in nonsense-mediated mRNA decay and rRNA processing during ribosome biogenesis; 40, 41 it was most closely related to Ded1 with 39.4% identity overall and 45.0% for the core sequence. Finally, Prp5 is a nuclear, pre-mRNA splicing factor. 42 It was the most distantly related of the proteins used, but it had 36.8% and 38.0% sequence identities with the open reading frame (ORF) and core, respectively, of Dbp2. However, the RecA-like cores of all the proteins shared 63.9-85.7% sequence similarity (data not shown).
It was previously noted that the carboxy-terminal -and sometimes amino-terminal-extensions of DEAD-box proteins were often basic and arginine rich and that they may contain separate RNA binding sites. [43] [44] [45] [46] [47] We used Pfam 24.0 48 to search for known structural motifs within these extensions, which we defined as sequences amino-terminal to the isolated phenylalanine of the Q motif and sequences starting 36 residues carboxy-terminal to motif VI. By these criteria, eIF4A and Fal1 had very short amino termini and insignificant carboxyl termini. No significant matches were found for any of the proteins (data not shown). Likewise, a linear motif search using Scansite 2.0 49 revealed no or insignificant matches (data not shown). We next looked at the amino acid compositions and predicted isoelectric points (pK i ) of the cores and flanking sequences.
The amino acid compositions of the cores were in the ranges typically found for eukaryotic proteins. 50 The calculated pK i of the cores of Dbp1, Dbp2, Ded1 and eIF4A ranged from 5.2 to 6.0, while those of Fal1 and Prp5 were 9.0 and 8.1, respectively. In contrast, the calculated pK i of the carboxyl termini of Dbp1, Dbp2 and Ded1 were 11.4 to 11.7, and that of Prp5 was 8.7. Ded1 and Dbp1 had 2.3-to 2.5-fold higher frequencies of arginine, respectively, than typically found, while Dbp2 had 4.2-fold more. However, the histidine and lysine frequencies were much lower than expected. In contrast, Prp5 had 2.5-fold more lysine and 1.8-fold more glutamic acid. Moreover, Dbp1 and Ded1 had 2.3-to 2.9-fold higher frequencies of asparagine and serine, and Dbp1, Dbp2 and Ded1 had 4.1-, 7.4-and 3.9-fold more glycine, respectively, than the mean frequency. The calculated pK i of the amino termini of Dbp1, Dbp2 and Fal1 were 9.3, 8.0 and 9.7, respectively, while those of Ded1, eIF4A and Prp5 were 5.7, 4.2 and 6.4, respectively. The amino termini of Dbp1, Dbp2 and Ded1 had higher frequencies for asparagine, and they showed 1.9-to 3.0-fold higher glycine content than expected. Fal1 and Prp5 were enriched for lysine; eIF4A and Prp5, for glutamic acid; and eIF4A for glutamine and Fal1, for serine.
The very high percentage of charged and polar residues in the flanking sequences as well as the high frequency of glycines indicated that these regions were most likely largely unstructured. We used GlobPlot 51 and POODLE I 52 to search for intrinsically disordered regions within the proteins. The amino termini of Dbp1, Dbp2, Ded1, eIF4A and Prp5 were predicted to have 86%, 55%, 80%, 26% and 22% intrinsic disorders, respectively, and the carboxyl termini (sequences starting 36 residues after motif VI) had 93%, 96%, 93%, 100% and 28%, respectively (Russell/Linding definition). There was no predicted disorder in the termini of Fal1. The disordered regions often included the isolated phenylalanine of the Q motif, motif VI and other sequences within the RecA-like core domains. The carboxyl terminus of Prp5 also was predicted to contain a short coiled-coil region, which is associated with protein oligomerization in other proteins, 53, 54 but no structures were predicted for any of the other flanking sequences. For comparison, the mean intrinsic disorders of the 25 different
Ded1-Dbp1 chimera design and yeast complementation. (a) Location of the restriction sites used to create the various chimeras. The inserted glycine of the 5′ SmaI site was subsequently eliminated in the final chimera ORFs because it created a lethal mutation in the expressed proteins. (b) Complementation of the different constructs expressed in the ded1∷HIS dbp1∷KANMX6 yeast strain. Overnight cultures were serially diluted by factors of 10 and spotted on synthetic medium dextrose-agar plates containing 5-FOA to select for cells that had lost the URA plasmid containing the wild-type copy of the gene. Plates were incubated for 2 days at the temperatures indicated. The chimeras were expressed off a highcopy 2-μm plasmid (p424-PL), but similar results were obtained using the low-copy centromeric plasmid (p415-PL). "High" and "low" refer to the p424-PL and p415-PL plasmids, respectively, and the empty plasmid was used as a control. The isolated large colonies seen with the reconstituted Ded1 protein (Ded1-Ded1-Ded1) at 36°C were revertants that resulted from recombination between plasmids before the selection.
DEAD-box proteins in yeast were predicted to be 34% ± 24 (standard deviation) for the amino termini and 31 ± 37% for the carboxyl termini, which reflected ranges of 0-100%. Intrinsically disordered or unstructured regions are common in eukaryotic proteins, although they are less frequently found in prokaryotic proteins. [55] [56] [57] These disordered regions are known to be linked with protein-protein, protein-nucleic acid and protein-ligand interactions. We concluded that the flanking regions, of proteins that had them, were most likely involved in ligand binding or in associating with other factors that regulate enzymatic activity or substrate specificity.
Chimera design and in vivo complementation
We wanted to insert common restriction sites in regions flanking the cores and ORFs that would have minimal effects on the structure of the proteins. We noted that a semiconserved proline was often found between 28 and 34 residues after motif VI in a region predicted to form a loop (Fig. S3) . Similarly, a proline at this position was often seen in the solved crystal structures within a loop (Fig. S2 ). This implied that a conformational or structural transition might occur at this point and that an inserted glycine would be tolerated. Likewise, a highly conserved proline was found in the loop sequence of the Q motif. We inserted nucleotides encoding glycines next to those encoding the prolines to create SmaI sites on either end of the core sequence ( Fig. 3a and Figs. S1 and S3). SpeI-NdeI sites were inserted at the 5′ ends of the genes, and XhoI sites, at the 3′ ends. This enabled us to interchange the cores and flanking sequences of the six different proteins to give 36 different protein combinations. Proteins were constitutively expressed off a strong alcohol dehydrogenase promoter. 58 However, most of the reconstituted proteins-proteins reconstructed with the original ORFs-containing the inserted glycines failed to complement the yeast strains deleted for the corresponding gene (Dbp1 and Ded1 were tested in strains deleted for both DBP1 and DED1); the exception was Prp5, which had a severe slowgrowth phenotype (data not shown). We selectively deleted either the 5′ or the 3′ glycine from the genes as described in Materials and Methods and then tested their ability to complement the deletion strains (data not shown). The genes expressing the 3′ glycine showed only slight effects at 30°C, while those expressing the 5′ glycine either did not grow or, in the case of Prp5, grew very poorly. Thus, the 5′ inserted glycines disrupted important interactions of the Q motif. We used a proline located at a slightly different position in Prp5, which apparently was less critical (Fig. S3) . Therefore, in all subsequent experiments, the 5′ glycines were deleted from the chimeric genes.
We next tested whether any of the various chimeras could complement any of the five deletion strains. We used both high and low expression vectors, and we tested for growth at various temperatures. Protein expression was verified in all cases by Western blot analysis using hemagglutinin (HA)-specific IgG in wild-type cells (data not shown). Only the chimeras between Fal1 and eIF4A in the Δfal1 strain and the chimeras between Dbp1 and Ded1 in the Δdbp1/Δded1 strain showed complementation on 5-fluoroorotic acid (5-FOA) plates. Constructs that complemented were recovered, sequenced and retransformed into the appropriate deletion strains to verify the phenotypes. For Δfal1, we obtained complementation only for the chimera with the Fal1 core and the eIF4A flanking sequences, and cells expressing this chimera grew very poorly regardless of the plasmid copy number (data not shown). In contrast, all the Dbp1-Ded1 chimeras complemented Δdbp1/Δded1 but with significant differences (Fig. 3b) . The wild-type Ded1 was inhibitory when overexpressed in the p424-PL, 2 μm, high-copy plasmid at all temperatures. However, the reconstituted protein with the 3′ glycine had only a slight slow-growth phenotype at 30°C but grew poorly at 36°C, regardless of the expression level. The wild-type Dbp1 only partially complemented the dbp1/ded1 deletion strain at both expression levels at 30°C and very poorly at 36°C. Oddly, the reconstituted Dbp1 protein (Dbp1-Dbp1-Dbp1), with the inserted carboxy-terminal glycine, grew like the wild-type strain, which was equivalent to low Ded1 expression. Moreover, the chimera with the Dbp1 core and the Ded1 flanking sequences (Ded1-Dbp1-Ded1) grew nearly the same as the wild-type cells, while the construct with the Ded1 core and Dbp1 flanking sequences (Dbp1-Ded1-Dbp1) grew poorly at 30°C and not at all at 36°C. We concluded from these experiments that viable chimeras could only be made between functionally related proteins and that the inserted carboxy-terminal glycines significantly altered the enzymatic properties of the proteins in vivo.
Deletion design and in vivo complementation
The combined flanking sequences of eIF4A and Fal1 constituted less than 30 amino acids each. Therefore, it was likely that the weak complementation of the Fal1 core with the eIF4A flanking sequences was strictly due to the activity of core sequence. We designed additional constructs that allowed us to test the effects of deleting sequences amino-terminal to the isolated phenylalanine of the Q motif, sequences carboxy-terminal to the conserved β-sheet-helix region after motif VI or both ( Fig. 4a and Fig. S1 ). The results are shown in Fig. 4b . All of the Fal1 deletions grew essentially like the wild-type cells, which indicated that these sequences had a nonessential role under our assay conditions. Therefore, the flanking eIF4A sequences were actually inhibitory in our chimera assays. Moreover, all of the other proteins with carboxyterminal deletions supported growth, although to varying degrees. Dbp1, Dbp2 and eIF4A grew slightly slower than the wild type, while Ded1 and Prp5 had more severe slow-growth phenotypes. In addition, the Ded1ΔCO 2 H and eIF4AΔCO 2 H proteins showed high temperature sensitivity, and the Prp5ΔCO 2 H protein was cold sensitive (data not shown). Amino-terminal deletions were lethal in Dbp1, Dbp2 and Prp5. In contrast to the other proteins, the amino-terminal deletions in Ded1 and eIF4A supported stronger growth than the carboxyterminal deletions. Amino-terminal deletions that extended into the Q motif were all inviable (data not shown). Only the core sequences of Dbp1, Fal1 and eIF4A supported growth in the corresponding deletion strains, but complementation was extremely weak for Dbp1 and eIF4A. It was unclear why the core of Dbp1 supported stronger growth than the The core is shown in gray, and the conserved sequences elements are in black. The core consists of two residues preceding the isolated phenylalanine of the Q motif through 31-33 residues beyond motif VI. The line traversing the core indicates the junction between domains 1 and 2. The lengths of the flanking sequences shown were arbitrarily chosen. (b) Overnight cultures were serially diluted by factors of 10, spotted on synthetic medium dextrose plates containing 5-FOA and incubated at 30°C for the times indicated in days. Note that the few large isolated colonies for Prp5 were revertants. The following strains were used: Ded1 and Dbp1 were tested in ded1∷HIS dbp1∷KANMX6; eIF4A was tested in tif1∷HIS tif2∷ADE; Fal1 was tested in fal1∷KANMX6; Prp5 was tested in prp5∷KANMX6; and Dbp2 was tested in dbp2∷KANMX6. Proteins were all constitutively expressed in the p424-PL plasmid with the strong ADH promoter except for the ORF of Ded1 and the flanking sequences (Δcore) of Prp5, which were expressed off the p415-PL-ADH plasmid.
amino-terminal deletion; it was possible that the carboxyl terminus was inhibitory in the absence of the amino-terminal sequences.
We next asked whether the flanking sequences could complement the core sequences when expressed in trans. We amplified the flanking sequences as described in Materials and Methods and shown in Fig. 4a and Fig. S1 . The amino-and carboxy-terminal sequences were fused with a small amount (24-25 residues) of the core sequence and expressed in the p415-PL-LEU or 424-PL-TRP plasmids. Thus, we could express the various core constructs using one marker and the fused flanking sequences using the other. We verified the expression of the flanking sequences by transforming wildtype cells with the plasmids, extracting the proteins and then probing by Western blot with HA-specific IgG. The flanking sequences of eIF4A and Fal1 were too short, and we could not verify their expression, but the other sequences were stably expressed (data not shown). These experiments were complicated by the fact that the flanking sequences, by themselves, were often inhibitory (see Inhibition by protein fragments in vivo). None of the various permutations of Dbp1, Dbp2 or Ded1 cores showed any increased growth in the presence of the flanking sequences. In contrast, the slow-growth and coldsensitive phenotypes of the Prp5ΔCO 2 H construct were restored to wild-type levels when the fused flanking sequences were expressed in trans (Fig. 4b) . The Prp5ΔNH 2 construct or the core alone was not effected (data not shown). The complementation data are summarized in Table 2 . We concluded that, in general, the carboxy-terminal sequences enhanced the activities of the proteins but that it was the amino-terminal sequences that played the more critical roles in vivo.
Inhibition by protein fragments in vivo
In the course of this work, we noted that the expression of certain constructs was actually inhibitory to the cell. This dominant-negative effect was most obvious during the first few days after transforming the cells, and it was most likely caused by the expressed proteins sequestering important cofactors needed to form functional complexes with the endogenous protein. To clarify this observation, we subcloned the various constructs into the p424-PL plasmid with a very strong GAL promoter that we could induce by plating the cells on medium containing galactose [synthetic medium galactosidase (SGal)]. We transformed the wild-type yeast cells (CW04) with the ORF and deletion constructs and then spotted serial dilutions of the cells on SGal plates (Fig. 5) . Overexpression of the ORFs of Dbp1, Dbp2 and Ded1 gave very strong inhibitory effects, while cells overexpressing only the core sequences grew like cells transformed with the empty plasmid. This was primarily due to the expression of the amino-terminal domain of the proteins because cells overexpressing proteins deleted for the aminoterminal sequences grew well, but those overexpressing proteins deleted only for the carboxyl termini Complementation of cells on plates containing 5-FOA using strains deleted for the chromosomal copy of the corresponding gene. Dbp1 and Ded1 were tested in the Δdbp1 Δded1 strain. The eIF4A-Fal1 chimera growth was for the Δfal1 strain. The indicated phenotypes were for growth at 30°C; the Dbp1 and Ded1 constructs often showed high temperature sensitivity. Chimeras contained inserted glycines on the carboxy-terminal ends of the cores. a p415-PL is a low-copy centromeric plasmid, and p424-PL is a 2-μm multicopy plasmid. Both contain the strong, constitutive ADH promoter.
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b The amino-terminal (ΔNH), carboxy-terminal (ΔCOOH) or both extensions (Core) were deleted. The p415-PL and p424-PL plasmids gave similar results.
c The fused amino-and carboxy-terminal sequences of Prp5 were expressed in trans to Prp5 deleted for the carboxyl terminus. d NA, not applicable.
grew poorly. In the case of Dbp1 and Ded1, the fused flanking sequences also were inhibitory. This was not the case with Dbp2, which was perhaps because the fused flanking sequences were smaller or less stable (Fig. 5) .
Overexpression of all the constructs of eIF4A was slightly inhibitory, except for the fused flanking sequences, while none of the Fal1 constructs inhibited growth. These latter results were not surprising because both eIF4A and Fal1 have very short flanking sequences, and we expected the core sequences to dominate the phenotypes. Finally, overexpression of the amino-terminal sequence of Prp5 was inhibitory, but the effects were much less pronounced than those for Dbp1, Dbp2 and Ded1 (Fig. 5) . We also overexpressed the chimera constructs; in all cases, overexpression of proteins containing the flanking sequences of Dbp1, Dbp2, Ded1 and to a lesser extent Prp5 inhibited cell growth, although the core context was an important determinant of the severity (data not shown). We concluded that, in general, it was the overexpressed amino termini that conferred dominant-negative or toxic phenotypes perhaps because they formed specific, but nonproductive, interactions with important cofactors.
In vitro ATPase activity of purified constructs
We next addressed the in vitro properties of the various constructs. We subcloned the constructs into the pET22b Escherichia coli expression vector containing a carboxy-terminal His6 affinity tag. We then purified the expressed proteins on nickel-affinity columns. The full-length proteins of Dbp1, Ded1 and eIF4A were purified at greater than 95% purity, but Fal1 and Prp5 showed significant lower-molecular-weight contaminants, and they were considered to be ∼ 80% pure. The plasmids containing Dbp2 were inhibitory in E. coli, and we were unable to express the protein. We also were able to successfully purify the Ded1-Dbp1-Ded1, Dbp1-Ded1-Dbp1 and Prp5-Dbp1-Prp5 chimeras, the cores of eIF4A and Dbp1 and the carboxy-terminal deletions of Dbp1, Ded1 and Prp5 at high purity. We were unable to purify any of the amino-terminal deletions. For comparative purposes, we purified the full-length and carboxy-terminal deletion of DbpA; the latter construct lacks the binding domain that is specific for hairpin 92 of 23S rRNA. 59, 60 Finally, we purified mutants of the P-loop (motif I) of Ded1, eIF4A and DbpA as negative controls (Ded1_K192A, eIF4A_K71A and DbpA_K53L); these mutants were expected to significantly disrupt the α and β phosphate interactions of ATP with the protein.
The RNA substrates of the proteins in vivo are unknown, although Prp5 has some specificity for U2 snRNA.
61,62 Therefore, we used whole yeast RNA for our assays as previously described. 23 The reaction velocities were determined at 30°C with 1 mM ATP as described in Materials and Methods (Table 3) . Reactions also were conducted without added RNA to determine the "background" ATPase activity. Finally, we determined the reaction velocities of E. coli DbpA and DbpAΔCO 2 H as previously described. 63 The biochemical properties of the structural domains of DbpA-like proteins were analyzed previously, and we could easily compare them with our results.
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Ded1 showed the highest level of RNA-dependent ATPase activity, but DbpA was nearly as active in the presence of E. coli rRNA, and it showed even less RNA-independent activity (Table 3 ). This latter result may reflect the more extensive purification protocol that we used for DbpA, which might better eliminate contaminating ATPases. In contrast, DbpA showed 50-fold less ATPase activity in the presence of whole yeast RNA that lacked hairpin 92 of 23S rRNA. These results were similar to those obtained by others. 59, 64 The translation initiation factor eIF4A had more than 100-fold less RNA-dependent ATPase activity than Ded1 and little background (RNA independent) activity. This result was not surprising because eIF4A is considered to be one of the least active "helicases" in vitro.
4 Prp5 and Fal1 showed approximately 2-fold and 32-fold, respectively, less activities than Ded1, but about 50% of this activity was independent of added RNA. However, both protein preparations were somewhat less pure than those for the other proteins, which implied that a coli RNA was used as indicated for DbpA. Both RNA sources were equivalent in the DbpAΔCOOH assays. Whole yeast RNA and E. coli RNA were used at highly saturating concentrations of 0.25-0.5 μg/μl. Higher RNA concentrations were less soluble under the reaction conditions. Motif I mutations Ded1_K192A, eIF4A_K71A and DbpA_K53L were used to test for background ATPase activities.
b ATP-dependent duplex displacement activity relative to that of Ded1 displacing the 5′ duplex (R1[−] duplex), where the DNA oligonucleotide was hybridized 5′ relative to the single-stranded RNA (Fig. 7a) . The initial reaction velocities (nM duplex unwound/ min/nM protein) were used for the calculations, where 3.3 ± 2.2 nM 5′ duplex unwound/min/nM Ded1 was used as the 100% reference. However, the indicated values are more reflective of the probabilities of duplex displacement rather than true velocities.
c RNA binding was done with 5′ 32 P-labeled R1 and R1 [−] RNAs that were used to form the 3′ and 5′ duplexes, respectively. Binding was assayed with no nucleotide and with added ADP or AMP-PNP.
d WT, wild-type growth; SG, slow growth; VSG, very slow growth; NG, no growth; CS, cold sensitive; TS, high temperature sensitivity. e Large excess of protein over substrate was used in assays (see Fig. 7b ). f RNA binding affinity was not significantly enhanced by addition of AMP-PNP (see Fig. 6 ).
contaminating ATPase might have been present. The Ded1_K192A and DbpA_K53L mutants showed a residual activity of less than 1% of the wild-type proteins, while eIF4A_K71A showed 2.5% residual activity.
The in vitro activity of the Ded1-Dbp1 chimeras was consistent with the in vivo phenotypes ( Table 3 ). The chimera with the Dbp1 core and the Ded1 flanking sequences was about as active as the wildtype Dbp1. In contrast, the Ded1 core with the Dbp1 flanking sequences showed nearly 45-fold less activity than Ded1. Moreover, the chimera with the Dbp1 core and Prp5 flanking sequences had even less activity than eIF4A. These results indicated that the flanking sequences were important determinants of the ATPase activity. Deletions of the carboxy-terminal sequences of Dbp1, Ded1 and Prp5 and deletions of both flanking sequences in eIF4A and Dbp1 resulted in proteins with activities that were similar to those of the wild-type eIF4A. As expected, deletion of the carboxyl terminus of DbpA eliminated the RNA specificity because both whole yeast and E. coli RNA gave the same low eIF4A-like activity. Fig. 6 . Electrophoretic mobility shift assays for RNA binding. Samples were prepared as previously described using 5 nM 32 P-end-labeled R1 RNA and the indicated protein concentrations (nM), and the products were separated on 6% polyacrylamide gels at 4°C under nondenaturing conditions. 22 Reactions had no added nucleotide (none), 5 mM ADP or 5 mM AMP-PNP (PNP). Free indicates the position of the free oligonucleotide, and Ori indicates the bottom of the loading well. Note that the concentrations of the different proteins varied enormously and that 0.01% Tergitol was added to the gels for Dbp1 and Ded1-Dbp1-Ded1 to reduce binding at the origins. The same 32 P-labeled RNA preparation was used for all the gels to facilitate comparisons. The Ded1_K192A protein has a lysine-to-alanine mutation in motif I that destroys the ATPase activity of Ded1. Gels containing Fal1 (data not shown) were similar to those containing eIF4A, but they showed significant RNA degradation. The free RNA migrated close to the ionic front in some cases. Data were quantified by phosphoimager (data not shown).
We limited our comparisons to the reaction velocities at 1 mM ATP because we could not obtain reliable Michaelis-Menten parameters for many of the constructs with low activities. In addition, some constructs had high background ATPase activity in the absence of RNA. We previously determined the parameters for Ded1 (K m = 370 ± 30 μM, k cat = 280 ± 30 m − 1 ) 22 and eIF4A (K m = 250 ± 90 μM, k cat = 0.65 ± 0.12 m − 1 ). 65 By using the same methodology, we likewise determined the values for Dbp1 (K m = 290 ± 20 μM, k cat = 88 ± 9 m − 1 ) and Ded1-Dbp1-Ded1 (K m = 1300 ± 200 μM, k cat = 71 ± 7 m − 1 ). With the exception of the chimera, the primary difference between the different proteins was the RNA-stimulated ATPase activity; they had very similar ATP affinities. Mutations within the Q motif are known to effect the binding affinities for adenine, which explains the much higher K m for the chimera. 23, 28 Nevertheless, the relative reaction rates with 1 mM ATP followed the measured k cat in respect to Ded1, Dbp1 and eIF4A. Thus, the ATPase values shown in Table 3 largely reflect the differences in k cat between the proteins. We concluded that the carboxyl termini were needed for high RNA-dependent ATPase activity.
RNA affinity of the proteins in vitro
We next used electrophoretic mobility shift assays to determine the RNA binding affinities of the different proteins. Experiments were conducted as previously described for Ded1; 22 experiments were conducted multiple times and were carried out without added nucleotide, with 5 mM ADP or with 5 mM AMP-PNP, which is a nonhydrolyzable analog for ATP. The ADP-bound forms are reaction intermediates, and ADP is a competitive inhibitor of the ATPase activity of Ded1 and eIF4A. 23, 28 Examples of these experiments are shown in Fig. 6 and summarized in Table 3 . We were unable to obtain interpretable gels for Fal1 and Prp5, and the Dbp1-RNA complex often did not migrate far into the gel. Dbp1 appeared to have a higher nucleotide-independent affinity for the RNA than Ded1. Nevertheless, the results were all consistent with those obtained for the ATPase assays. The wild-type Ded1 showed very high AMP-PNP-dependent affinity for RNA, and wild-type Dbp1 was nearly as strong. We have previously shown that Ded1 has a K 1/2 of 35-40 nM for single-stranded RNA in the presence of AMP-PNP. 22 In contrast, eIF4A, which has a carboxy-terminal extension of only seven residues, had very poor affinity for the RNA-even at 20-fold higher protein concentrations than that for Ded1. The very weak affinity precluded a determination of the Hill coefficients. The chimera with the Dbp1 core and the Ded1 flanking sequences had properties that were similar to those of the wild-type Dbp1, that is, the protein-RNA complex tended to not migrate very far into the gel. Moreover, it showed the same high AMP-PNP-dependent binding and similar migration patterns in the gel. The chimera with the Ded1 core and the Dbp1 flanking sequences showed reduced affinity under all conditions and proportionally more nucleotide-independent binding. Proteins deleted for the carboxyl termini of Dbp1 and Ded1 or deleted for both flanking sequences of Dbp1 showed very low affinity for RNA, which was similar to that for eIF4A. We concluded that the carboxyl termini enhanced the affinity of the core sequences for RNA. In contrast, that Ded1_K192A mutant showed weak affinity that was independent of added nucleotide.
In vitro duplex displacement activity
Finally, we tested the ability of the proteins to displace moderately stable duplexes (Fig. 7) . We used duplexes that were both 5′ and 3′ relative to the single-stranded regions of the RNA, which served as landing sites for the proteins. We used radioactively labeled DNA oligonucleotides 16 or 17 nucleotides long that hybridized to the 44-or 48-nucleotide-long RNAs. The equivalent substrates with RNA-RNA duplexes also were functional, but the duplexes were thermodynamically more stable and consequently less sensitive in our assays (data not shown). 21 The 5′ duplex is shown in Fig. 7a . Both duplexes were stable under our reaction conditions ( Fig. 7b and not shown) , and both would reanneal at about 90% efficiency if heat denatured and slow cooled. Consequently, reactions containing high substrate-to-protein ratios showed aberrantly weak activity (data not shown). Therefore, we used two different "traps" in our assays. In the first, we added an excess of the unlabeled DNA oligonucleotide to our reaction assays, and it reannealed in place of the labeled DNA. Consequently, the duplex would rapidly reform, but it was no longer visible in the autoradiograms. In the second method, we added an excess of a DNA oligonucleotide that was complementary to the labeled DNA bound to the RNA. This DNA would efficiently hybridize with the oligonucleotide once it was released to form a labeled DNA-DNA duplex. In this case, the DNA-RNA duplex concentration decreased during the course of the reaction. Both traps gave similar results, which indicated that the single-stranded regions of the RNAs were the initial binding sites for the proteins (data not shown). Consequently, the initial rates of unwinding were used in our calculations, and comparisons were made relative to the activity of Ded1 with the 5′ duplex, which showed the highest activity. The "unwinding" activity in the absence of ATP was subtracted from the values so that only the ATP-dependent activity was considered. Results are shown in Fig. 7c and summarized in Table 3 .
Except for Prp5, the strand displacement activities were strongly correlated with the ATPase and RNA binding activities. All the proteins were able to displace both 5′ and 3′ duplexes, although the 5′ duplex typically showed the highest activities. However, the calculated thermodynamic values, based on the nearest-neighbor parameters, showed that the 5′ duplex was slightly less stable than the 3′ duplex (− 19.1 versus − 19.8 kcal/mol), and consequently, it was calculated to have a melting temperature (T m ) of about 4°C lower. Moreover, the 5′ duplex RNA could form an intramolecular hairpin that might have destabilized the duplex. Reactions containing Dbp1, Ded1 and the chimera with the Dbp1 core and Ded1 flanking sequences had very high ATP-dependent activity, and they were able to displace a 20-to 50-fold excess of the substrates. All the other constructs showed very weak activity even with a large (up to 5-fold) excess of protein over substrate. Moreover, the high protein concentrations promoted unwinding in the absence of ATP, which suggested that the destabilization of the duplexes resulted from nonspecific interactions with the RNA. This was particularly true for Prp5. The Dbp1-Ded1-Dbp1 chimera also showed high duplex displacement in the absence of ATP, which was consistent with its high RNA binding affinities in the presence or absence of a nucleotide (Fig. 6) . The (c) Proteins at the indicated concentrations were incubated for the indicated times with 50 nM duplex in the presence or absence of 1 mM ATP. Products were separated on 15% polyacrylamide gels under nondenaturing conditions at 4°C. Note the different protein concentrations used. The same 32 P-labeled duplex preparation was used for all the gels in (c) to facilitate comparisons. Gels containing Fal1 (data not shown) were similar to those containing eIF4A, but they showed significant RNA degradation. Data were quantified by phosphoimager (data not shown).
Ded1_K192A mutant control showed weak activity that was independent of added ATP (data not shown). We concluded that only Dbp1 and Ded1 were effective unwindases and that the carboxyterminal extensions greatly enhanced the unwinding activity of the RecA-like core domains.
Discussion
Minimal functional domain
The two tandemly linked, RecA-like domains represent the structural core of the DEAD-box proteins. In nature, the smallest functional proteins consist of 2-3 residues before the isolated conserved phenylalanine of the Q motif and extend about 35 residues beyond motif VI (as defined herein). This is close to the size of the DDX48-, eIF4A-and Fal1-like proteins in eukaryotes. The prokaryotic Methanocaldococcus MjDEAD-and Sulfolobus deaD-like proteins currently represent the minimum functional sizes at around 360-380 amino acids. Although its function remains unknown, the loop-helix-loop containing the isolated phenylalanine, which forms a cap on RecA-like domain 1, appears to be critical. The isolated phenylalanine typically occurs 17 residues upstream of the Q motif, and it can be substituted for by tryptophan or less often by another hydrophobic group; this residue always forms hydrophobic interactions with residues of the Q motif in the solved crystal structures. We have found no exceptions to date for this structural motif, which is characteristic of DEAD-box proteins. 24 It is likely that it plays a regulatory role.
Despite their small sizes, Fal1 and eIF4A have very different properties, cellular roles and cellular locations. Thus, the highly conserved RecA-like core can be modified by changing the properties of the solvent-exposed shells without altering the underlying structure, rather like painting Easter eggs different colors. This could alter the interactions with ligands, with other factors or with flanking sequences. The size of the cores seems largely conserved, but there are often short insertions or deletions that generally appear between motifs. However, this is not uniformly the case: the DDX1 protein, which was not obtained in our original BLAST, has a 177-residue insert between motifs I and Ia that constitutes the SPRY domain involved in protein-protein interactions. 66 The largest proteins in our screen are the fungal Prp5-like proteins at around 1230 amino acids, but this will no doubt change as more information enters the data banks. There is no apparent sequence homology among the nearly 700 sequences aligned outside the RecA-like core.
DEAD-box protein chimeras
In contrast to the carboxy-terminal domain switching between YxiN and SrmB in prokaryotes in vitro, 14 the sequence elements of the DEAD-box proteins in yeast that we tested do not appear to be generally interchangeable. Only the chimeras between the closely related Dbp1 and Ded1 proteins support growth in strains deleted for the wild-type proteins, while the chimera between Fal1 and eIF4A in the fal1 deletion strain works only because the core of Fal1, by itself, is sufficient to support growth. Interestingly, even the SrmB-YxiN chimera with the SrmB core only partially complements the deletion of srmB in E. coli (Isabelle Iost and Marc Dreyfus, personal communication). There are many reasons that this would be the case: the proteins in vivo could be partially misfolded, mislocalized or inactivated as a result of the changes. The chimeras generate a number of mutations, any one of which could be lethal. For example, Ded1 is characterized by an arginine as the first residue of the Q motif, while Dbp2, eIF4A and Fal1 have a more typical glycine; this alteration could have significant consequences. Thus, although we analyzed 36 different chimeras in five different deletion strains, our interpretations are limited to those constructs that are functional.
Our most interesting results are with the chimeras between Dbp1 and Ded1. Dbp1 has high sequence conservation, on both the amino acids and the nucleotide level, with Ded1, and it is likely that it resulted from a gene duplication event. It can partially complement a deletion of DED1 when overexpressed, but it has slow-growth and temperature-sensitive phenotypes. Oddly, the insertion of a single glycine in a conserved loop region after motif VI is sufficient to enable Dbp1 to nearly fully complement the Ded1 deletion at all temperatures. It is possible that the insertion enhances the enzymatic activity of Dbp1, facilitates its interactions with other factors or somehow changes its affinity for the RNA substrate. However, the equivalent mutation in Ded1 is clearly detrimental because it results in slow growth and temperature sensitivity at both low and high expression levels. Therefore, it is more likely that Dbp1 has both complementary and antagonistic roles to Ded1, where the latter activity is inhibited by the inserted glycine. This also may explain the nearly wild-type phenotype of the Dbp1ΔCO 2 H construct. However, further work is needed to clarify this.
The RecA-like core of Dbp1 is largely interchangeable with the core of Ded1 in vivo because cells transformed with the Ded1-Dbp1-Ded1 chimera grow like cells expressing lower levels of wild-type Ded1. This was not entirely surprising because the cores share about 83% sequence identity. However, the biochemical properties in vitro are a mix of those of Ded1 and Dbp1, that is, the ATPase activity is similar to that of Dbp1, and the strand displacement activities are like those of Ded1. Moreover, the RNA binding properties, with and without nucleotide, are similar to those of Dbp1. This may account for the reason that the chimera is less inhibitory to cells when expressed at higher levels, as is the case for Ded1. In contrast, the Dbp1-Ded1-Dbp1 chimera gives weak cell growth, and its activities in vitro are much lower than those of either Ded1 or Dbp1. In this case and for unknown reasons, the flanking and core sequences are less compatible. Previously, functional chimeras have been made in vitro between the closely related human DDX48 and eIF4AI proteins 67 and between E. coli SrmB and Bacillus subtilis YxiN.
14 A chimera of the related Ski2 family, using the amino terminus of Mtr4 and the carboxyl terminus of ribosomal protein P0, can complement a deletion of P0 in yeast. 68 
DEAD-box deletions
Our experiments consistently show that the carboxy-terminal sequences are important for ATP-dependent RNA binding and for RNA-dependent ATPase and strand displacement activities. Proteins deleted for these sequences are partially viable in vivo, but their in vitro activities are reduced to a level similar to that of eIF4A, which has a negligible carboxy-terminal extension. Moreover, the carboxy-terminal deletion of E. coli DbpA lost its RNA specificity. These results are consistent to what others have found for DEADbox proteins, 12, 46, 47, 60, [69] [70] [71] but they are in marked contrast to what was previously published for Ded1; in this case, an 86-residue deletion of the carboxyl terminus of Ded1 showed 12-fold less annealing activity and only 1.2-fold less unwinding activity relative to the wild-type protein. 43 This deletion removed eight residues more than our Ded1ΔCO 2 H construct and deleted part of a predicted conserved helix. However, the authors of this work used a 1200-fold excess of the E.-coli-expressed protein to substrate.
Although the in vitro properties of the carboxyterminal deletions showed similar eIF4A-like activity, the in vivo phenotypes were more variable. Dbp1ΔCO 2 H grows relatively well, while the equivalent Ded1ΔCO 2 H construct barely supports growth. Fal1ΔCO 2 H is wild type, while eIF4AΔCO 2-H is slow growth. This probably reflects the relative importance the flanking sequences of the proteins play in the cell. Moreover, the loss of activity seems to be progressive: our laboratory found that a 45-residue deletion of Ded1 supports wild-type growth, while a 67-residue deletion gives a slow-growth phenotype (Ronald Bock, unpublished data). The 78-residue deletion in this study is very slow growth. Similar results are seen with the yeast mitochondrial protein Mss116. 47 Thus, unlike for the prokaryotic DbpA/YxiN proteins, many of the yeast DEAD-box proteins lack discrete, modular, carboxy-terminal domains. An exception might be Prp5 because we could complement the Prp5ΔCO 2 H construct in trans by expressing the fused flanking sequences. A similar phenomenon is seen with the amino-terminal domain of Prp22, which belongs to the related DEAH-box family, that can complement the aminoterminal deletion in yeast when expressed in trans.
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In contrast, the carboxy-terminal domain of YxiN does not enhance the activity of YxiNΔCO 2 H in vitro when tested in trans.
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The amino-terminal deletions are more difficult to interpret because we were unable to purify any of the constructs. Oddly, we could purify the cores, where both flanking sequences are removed, in the case of Dbp1 and eIF4A. This implies that the flanking elements are interconnected. Regardless, all the proteins with long amino-terminal extensions showed strong phenotypes when they are deleted. In the case of Ded1, progressive deletions of the sequence result in progressively more severe phenotypes, as is seen with the carboxy-terminal deletions (Ronald Bock, unpublished data). Moreover, these sequences are toxic when highly expressed, regardless of the context in which they appear. This dominant-negative effect suggests that these sequences are making important interactions with other factors that are limiting in the cell. Hence, they may be needed for substrate specificity or for regulating the enzymatic activity. This appears to be the case with DDX19B (yeast Dbp5); a portion of the amino-terminal flanking sequence is thought to insert between the cleft formed by the two RecA-like domains as an α helix to regulate ATP and RNA binding. 73 
Intrinsic disorder
All of the proteins studied here except Fal1 show significant regions of predicted disorder in the flanking sequences, and this predicted disorder often extends into the isolated phenylalanine of the Q motif and into motif VI. Regions of the core, particularly motif V, also show predicted disorder. This is remarkably consistent with what is seen in the solved crystal structures, where the amino-and carboxy-terminal sequences are largely unresolved as well as portions of motifs V and VI. Moreover, it is consistent with NMR studies of Dbp5 that show a high degree of movement of both sequences flanking the RecA-like domains, regions of the Q motif and portions of motifs V and VI. 74 Oddly, Dbp5 is not predicted to have a high frequency of intrinsic disorder, which indicates that our analyses probably underestimated the extent of disorder. This is consistent with protease-digestion time courses of Ded1 and Dbp1-and of the chimeras and deletions thereof-that show a distribution of cleavages of the flanking sequences but a resistant RecA-like core (data not shown). It also is consistent with the progressively more severe phenotypes we obtain with progressively longer deletions of the Ded1 sequences. Thus, it appears that the flanking sequences do not form discrete (modular) structural domains.
Intrinsically disordered or unstructured regions are common in eukaryotic proteins, and they are often involved in protein-protein or protein-ligand interactions where they assume more defined structures. 56, 57, 75 This induced folding plays important roles where high-specificity interactions are needed using low-affinity binding. 76 This is probably the case with many of the DEAD-box proteins, and it perhaps permits the proteins to distinguish subtle differences between RNAs. Indeed, it provides a mechanism for the protein to recognize multiple RNA targets containing cryptic binding motifs. 77 Dosage sensitivity also is associated with intrinsic disorder; overexpression is thought to shift specific interactions to nonspecific ones through mass action. 78 However, of the proteins studied here, only Prp5 was found to be mildly toxic in previous yeast screens, 79, 80 and the toxicity we observe here is primarily associated with the amino terminus, although both ends are predicted to be disordered. Moreover, although the carboxyl terminus of Prp5 contains a short coiled-coil motif, the proteins lack the "linear motifs" that are associated with the nonspecific toxicity of other overexpressed intrinsically disordered proteins. 78 Therefore, it appears that the toxicity we see with the amino-terminal sequences results from nonproductive interactions with specific cofactors that regulate or confer specificity to the proteins.
Concluding remarks
We conclude that DEAD-box proteins we assayed are modular in the sense that the flanking sequencing can modulate the activity of the conserved RecA-like core even if these elements lack specific structural domains and are not generally interchangeable. The intrinsically disordered regions provide an elegant solution to the problem of nonspecific binding by DEAD-box proteins to different RNAs, and this is probably the case for other families within SF2 of putative helicases as well. It also provides a mechanism whereby the ATPase activity can be regulated in the presence of cofactors, as is the case with DDX19 and DDX48. Thus, DEAD-box proteins can function as tightly controlled clamps or engines on RNA to regulate RNA folding, to initiate or remodel ribonucleoprotein-complex formation or to displace duplexes. However, DEAD-box proteins clearly use a spectrum of strategies: the solventexposed protein core can be changed, or there can be subtle (and not so subtle) modifications of the RecAlike domains through insertions and deletions. Finally, certain proteins, particularly in prokaryotes but also in eukaryotes, do have flanking sequences that form discrete structural domains that are involved in substrate recognition. Clearly, the functionality of the DEAD-box proteins must be further studied in the context of their cellular partners and their authentic substrates.
Materials and Methods
Sequence alignments and secondary structure determination A BLAST was done on the Swiss Institute of Bioinformatics web site † using the National Center for Biotechnology Information BLASTP 2.2.16 program, 81 the Uniprot Knowledgebase data bank 12.3 and yeast eIF4A (UniProtKB/Swiss-Prot accession number P10081) as bait. Seven hundred and twenty-six of these sequences (E ≤ 9e − 30 ) were aligned using ClustalW-XXL (version 1.82 ‡) and the default settings. Duplications and proteins containing deletions in the cores or flanking sequences were subsequently eliminated to yield 699 unique sequences. The consensus sequence for these aligned sequences was determined using the Bork consensus alignment program §. Potential secondary structures were determined using PredictProtein‖. 34 Sequence identities were determined with the ExPASy SIM alignment tool ¶, where 20 alignments were computed, the open gap penalty was set to 12, the extension gap penalty was set to 4 and the matrix comparison was set to Blosum62. Identities and similarities were further calculated with ClustalW2 using the default settings a . 82 The theoretical pK i of the proteins was calculated using the ExPASy pI/ MW tool using the average resolution setting b . 83 The occurrence of unstructured regions in the proteins was determined with POODLE I c 52 and GlobPlot d . 51 Short linear motifs within the proteins were identified with Scansite 2.0 e , 49 and structural domains were determined with Pfam 24.0 f . 48 The solved crystal structure coordinates were obtained from the RCSB PDB g and analyzed with SwissPDB Viewer h . 84 We examined the following DEAD-box-protein PDB coordinates: 1Q0U, 2I4I, 3FE2, 1VEC, 2WAY, 2WAX, 2PL3, 3LY5, 3EWS, 3G0H, 3FHC, † http://www.expasy.ch/tools/blast/ 3FHT, 3FMO, 3FMP, 2KBE, 2KBF, 3GFP, 3FHO, 2OXC,  3B7G, 2RB4, 2P6N, 3BER, 2HXY, 2HYI, 2J0Q, 2J0S, 2J0U,  3EX7, 2XB2, 3DKP, 3IUY, 1S2M, 1WRB, 1QDE, 1FUU,  1FUK, 1QVA, 2VSO, 2VSX, 2G9N, 2ZU6, 3EIQ, 3BOR,  2GXQ, 2GXS, 2GXU, 3EAQ, 3EAR, 3EAS, 3I32, 1HV8,  3I5X, 3I5Y, 3I61, 3I62, 1T6N, 1T5I, 1XTI, 1XTJ, 1XTK,  2DB3, 2HJV and 2Z0M .
Cloning, strains and molecular manipulations Molecular manipulations, PCR, cloning and most yeast strains were as previously described. 28 The dbp2∷KANM6 deletion strain was made by homologous recombination of the diploid W303 strain, which was subsequently sporulated in the presence of the YCplac33 (CEN URA) plasmid containing the DBP2 gene and flanking untranslated regions. Restriction sites within the genes (ORFs) were created by PCR with oligonucleotide primers that inserted 5′ SpeI-NdeI sites and 3′ XhoI sites. The helicase cores were PCR amplified with primers inserting SmaI sites at the beginning and end of the core sequence, as defined in the text. The SmaI sites in the flanking sequences were made by reverse PCR. The amino-terminal deletions (ΔNH 2 ) were made by PCR amplification with oligonucleotides containing 5′ SpeI-NdeI sites that hybridized starting two codons before the conserved, isolated phenylalanine of the Q motif and 3′ oligonucleotides with the XhoI site that hybridized just before the stop codons. The carboxyterminal deletions (ΔCO 2 H) were made with 5′ primers containing the SpeI-NdeI sites and 3′ primers containing the SmaI site. Chimeras were made by cloning the purified DNA fragments containing the helicase cores into the inserted SmaI sites of the plasmids containing the flanking sequences. The GGG of the 5′ terminal SmaI site was subsequently deleted by reverse PCR to eliminate the glycine that would otherwise disrupt the Q motif. 28 All of the constructs were verified by sequencing and then subcloned into low-copy (p415-PL, ARS CEN LEU) or highcopy (p424-PL, 2 μm TRP) yeast plasmids containing either alcohol dehydrogenase or GAL promoter, two aminoterminal HA tags and CYC1 terminators as previously described. 28 DbpA in the pT7-7 plasmid was a gift from Frances Fuller-Pace. 63 It was subcloned into the NdeI-SalI sites of pUC18. The carboxy-terminal deletion was made by PCR with a 3′ oligonucleotide containing a SalI site and an upstream oligonucleotide that hybridized to the pUC18 sequence. The gel-purified NdeI-SalI fragment of the product was cloned into the equivalent sites of pUC18, sequenced and then subcloned into pT7-7 and pET14b. The oligonucleotides that were used and the cloning strategies are summarized in Supplemental Data and Fig. S1 .
Manipulations of yeast, including media preparation, growth conditions, transformation, and 5-FOA selection, were done according to standard procedures. 85 Except for cases where we obtained very weak complementation, the plasmids that supported growth in yeast were recovered, restriction mapped to verify the constructs and retransformed into yeast to verify the phenotypes. This was done to ensure that the phenotypes were not the result of recombination between plasmids prior to selection by 5-FOA. Plates were incubated at 18°C, 30°C and 36°C to screen for low or high temperature sensitivity. Protein expression and stability were verified by transforming wild-type CW04 yeast cells, which are isogenic with W303-1B, 86 with the various constructs, growing the cells in yeast extract-peptone-dextrose broth, harvesting the cells by centrifugation, extracting the proteins by alkaline hydrolysis, separating the proteins by Laemmli SDS gel electrophoresis and then doing a Western blot analysis of the separated proteins with anti-HA IgG antibodies (Cell Signaling).
In vitro ATPase, RNA binding and duplex displacement assays
The purified NdeI-XhoI fragments of constructs of interest were subcloned into pET22b plasmids (Novagen), and the proteins were expressed and purified as previously described. 23, 28 DbpA was purified by FPLC according to Fuller-Pace et al. 63 or by nickel nitrilotriacetic acid-agarose affinity chromatography (nickel nitrilotriacetic acid-agarose; Qiagen). ATPase assays were done with 1 mM ATP (GE-Pharmacia) and 0.25-0.5 μg/μl of whole yeast RNA (Type III; Sigma) at 30°C, and the reaction rates were determined by a colorimetric assay with molybdateMalachite Green. 23, 28 Whole E. coli RNA was used for the DbpA assays (16S + 23S; Roche). Ded1, Dbp1 and Prp5 reactions were carried out in solutions containing 50 mM sodium acetate, 5 mM magnesium acetate and 50 mM 2-amino-2-hydroxymethyl-1,3-propandiol, pH 7.5. These were the optimal conditions for Ded1, 23 but Dbp1 worked slightly better at pH 9.0. The same conditions were used for Fal1 except that the Mg 2+ concentrations were reduced to 1 mM; this was somewhat outside the optimum for Fal1, which worked best at a pH range of 8.0-9.0. The reactions for eIF4A were done under the optimal conditions of 50 mM sodium acetate, 1 mM magnesium acetate and 50 mM 4-morpholineethanesulfonic acid, pH 6.0. 28 DbpA was assayed in 5 mM magnesium chloride and 50 mM 2-amino-2-hydroxymethyl-1,3-propandiol, pH 7.5, as previously determined. 63 All reactions also contained 1 mM dithiothreitol and 0.1 mg/ml bovine serum albumin.
RNA binding assays were done with 5′ 32 P-end-labeled R1 (5′ GGG CGA AUU CAA AAC AAA ACA AAA CUA GCA CCG UAA AGC AAG CU 3′) and R1[−] (5′ GAA UAC UCA AGC UUG CUU UAC GGU GCU AGU UUU GUU UUG UUU UGA AUU 3′) RNAs transcripted off HindIIIcut plasmid with T7 RNA polymerase or off EcoRI-cut plasmid with SP6 RNA polymerase, respectively. Both RNAs were purified by polyacrylamide gel electrophoresis under denaturing conditions. Reactions were done in the presence of no added nucleotide, with 5 mM ADP or with 5 mM AMP-PNP (Roche) as previously described. 22 The labeled RNA was often stuck at the origin in gels assaying the Dbp1 constructs; this was reduced, but not eliminated, by adding 0.01% Tergitol to the reactions, which also slightly reduced the measured affinities. Products were separated at 4°C by nondenaturing polyacrylamide gel electrophoresis and quantified by a Cyclone phosphoimager (Packard) and Optiquant software (Packard).
Strand displacement assays were done at 37°C with 5′ 32 P-end-labeled DNA oligonucleotides hybridized at the underlined regions at the 3′ end of R1 RNA (5′ TTG CTT TAC GGT GCT A 3′) and at the 5′ end of R1[−] RNA (5′ GTA AAG CAA GCT TGA GT 3′). The labeled duplexes were purified by polyacrylamide gel electrophoresis under nondenaturing conditions at 4°C. We used two different trap techniques to block reformation of the labeled duplexes. In the first, we added a 25-fold excess of the unlabeled oligonucleotides that resulted in the formation of unlabeled duplexes during the course of the reaction. In the second method, we added a 25-fold excess of DNA oligonucleotides complimentary to the end-labeled R1 and R1[−] DNA oligonucleotides (5′ CTA GCA CCG TAA AGC AAG 3′ and 5′ TAC TCA AGC TTG CTT TAC G 3′, respectively) that resulted in the formation of labeled DNA-DNA duplexes and unlabeled single-stranded RNA. We previously showed that Ded1 has very weak nucleotide-independent affinity for single-stranded DNA or duplex RNA. 21 The Gibbs free energies (ΔG o ) were calculated for standard conditions (1 M Na + ) using the nearest-neighbor parameters. 87, 88 Reaction conditions were as described for the ATPase assays; the melting temperatures (T m ) were calculated based on these ionic conditions. 89 Products were separated at 4°C by nondenaturing polyacrylamide gel electrophoresis and quantified by the phosphoimager. Data were analyzed using KaleidaGraph (Synergy).
